Organotin compounds are typical environmental contaminants and suspected endocrine-disrupting substances, which cause irreversible sexual abnormality in female mollusks, called "imposex". However, little is known about the capability of triorganotin compounds, such as tributyltin and triphenyltin, to cause disorders in the sexual development and reproductive functions of mammals, including humans and rodents. Moreover, these compounds can act as potential competitive inhibitors of aromatase enzyme and other steroidogenic enzymes, affecting the reproductive capacity of male and female mammals. In this review, we discuss the cellular, biochemical, and molecular mechanisms by which triorganotin compounds induce adverse effects in the mammalian reproductive function.
Received February 11, 2011 . Accepted August 9, 2011 . Available online August 26, 2011 . Published September 16, 2011 Organotin (OT) compounds such as tributyltin (TBT) and triphenyltin (TPT) have been widely used as biocides, agricultural fungicides, wood preservatives, and disinfecting agents in circulating industrial cooling waters, as well as in antifouling paints for marine vessels (1) . Due to the widespread use as antifouling agents in boat paints, OT are a common contaminant of marine and freshwater ecosystems, exceeding acute and chronic toxicity levels (2) . Organotin compounds are among the most commonly found pesticides in marine and freshwater environments and consequently their environmental levels, fate and toxicity are of current concern (1, 2) . The general formula of OT is R n S n X 4-n , where R is an alkyl or aryl group, X is an anion or anionic species such as chloride, fluoride, oxide, hydroxide, acetate, or other functional group, and "n" represents the amount of organic radical (represented by "R n ") or inorganic radical (represented by "X 4-n ") that will bind to form organotin; "n" varies from 1 to 4 radicals. OT compounds can belong to any of four classes related to the number of organic groups, namely tetraorganotins, triorganotins, diorganotins, and monoorganotins (3) .
There are many reports of the biological effects of OT, including a wide range of toxic effects on eukaryotes (1, 4, 5) . These compounds are potent endocrine-disrupting chemicals against marine invertebrates (6), mainly, but not exclusively, against gastropod mollusks. An endocrine disruptor is an exogenous substance or mixture that alters the function(s) of the endocrine system and consequently causes adverse health effects in an intact organism, or its progeny, or (sub)population by disrupting the hormonal balance and resulting in developmental and reproductive abnormalities (3). For example, very low concentrations of TBT and TPT induce irreversible sex-organ alterations in female mollusks, a phenomenon known as "imposex" (7) . These endocrine abnormalities are the result of a masculinization process by which male sex organs are developed, notably a penis and a vas deferens, in female animals, which can lead to sterility and death of affected females (8) (Figure 1 ). In certain species, growth of a vas deferens disrupts the structure and function of oviducts, impairing normal breeding activity and causing a population decline (2) . In addition, imposex has been reported in more than 190 marine species (2, 8) and has been considered to be the most important endocrine disruption effect derived from a specific class of compounds (7) . This syndrome is, therefore, a useful biomarker of organotin pollution (9) (10) (11) . Besides affecting gastropods, organotins are also considered to be responsible for inducing hormonal alterations in bivalve www.bjournal.com.br Braz J Med Biol Res 44(9) 2011 mollusks (12), crustaceans (13) and fish (14) . Unfortunately, these OT are also suspected to cause endocrine-disrupting effects in mammals, including humans (15) and rodents (16, 17) , due in part to their possible transfer through marine food chains and to the consumption of contaminated seafood. Currently, human exposure may come from dietary sources, such as fish and shellfish, or through contaminated drinking water (18) .
In in vitro studies, exposure of the human choriocarcinoma cell lines to 300 nM TBT or TPT markedly decreased DNA and protein synthesis (19) . In the same concentration ranges, TPT also inhibited the catalytic activity of human aromatase (20) and other steroidogenic enzymes, affecting sexual development in male (16, 21) and female rats (22) . Therefore, OT clearly have many complex actions on the endocrine system of both genders, that may be inducing morphological changes in target organs. They also represent a possible risk to human health since hormonal imbalance has been linked to negative outcomes such as declining reproductive health, gonadal cell dysfunction, reduced weight of sex organs, congenital anomalies, and even brain diseases (20) .
Organotins as endocrine-disrupting chemicals
The production of sex steroid hormones from cholesterol requires trafficking between mitochondria and smooth endoplasmic reticulum and involves many enzymatic steps (23) . Most of these pathways use cytochrome P450 hemecontaining enzymes. Some OT compounds are known as encoding-disrupting chemicals that change steroid hormone biosynthesis (7, 24) .
As mentioned above, these OT have been suspected to masculinize reproductive organs in vertebrates because, in some gastropods, very low OT concentrations induce "imposex" (7) . Several lines of evidence have led to the theory that these OT act as specific inhibitors of aromatase enzyme, which converts androgen to estrogen (7, 24) . Exposure to OT increases testosterone levels in female gastropods and OT-induced imposex can be mimicked by specific aromatase inhibitors (24) . Additionally, TBT was reported to be catalyzed to dibutytin by aromatase (25) . However, it remains unclear whether OT especially inhibits the catalytic activity of aromatase in vertebrates.
In other experiments, butyltins were shown to exhibit structure-related inhibition of the catalytic human aromatase protein from a human placenta cell line (26) or from transfected cells (27) . However, at effective concentrations (micromolar level) for the inhibition of aromatase, TBT and TPT are generally toxic to mammalian cells because they cause apoptosis or necrosis (28, 29) . In the human choriocarcinoma cell lines Jar, JEG-3 and BeWo, exposure to TBT or TPT concentrations higher than 300 nM markedly decreases DNA and protein synthesis (19, 29) . Concentrations under 1 µM of either OT did not significantly affect aromatase activity in microsomes isolated from human choriocarcinoma cells (19) . In addition to aromatase, above 1 µM, TBT inhibits the catalytic activity of human 5α-reductase I and II (5α-R I and II) (30) , rat 3β-hydroxysteroid dehydrogenase (3β-HSD) (31) and pig 17β-hydroxysteroid dehydrogenase I (17β-HSD I) (32) . TPT also inhibited the catalytic activity of human aromatase, 5α-R II, 17β-HSD I and III (20) . These observations suggest that, at low levels, these OT do not specifically inhibit the catalytic activity of aromatase. We should also distinguish between nonspecific OT toxicity to cells and its specific inhibition of steroidogenic enzymes.
Based on endocrine studies, gonadal steroid receptors and steroidogenic enzymes for sex steroid hormones have not yet been identified in gastropods, and it remains unclear whether sex steroid hormones are critical factors for sexual maturation in these animals. Furthermore, homologues of estrogen and androgen receptors have not been found in invertebrates (33) and the composition of nuclear receptor family members is very different between vertebrates and invertebrates (34) . Therefore, there is some doubt as to whether OT might function as agonists for nuclear receptors (2) and/or inhibitors of enzymes that metabolize androgens in gastropods, leading us to suspect that OT compounds may affect other target molecules.
Organotins affect endocrine functions in the mammalian gonadal system
Sexual differentiation is a sequential process beginning with the establishment of chromosomal sex at fertilization, followed by the development of gonadal sex, and culminating in the development of secondary characteristics, collectively termed the male and female phenotypes (35) . The endocrine system deeply affects the reproductive morphophysiology, most likely due to specific genes, to the actions of gonadal steroids and of the endocrine/paracrine pathways on the gonadal system (36) . Moreover, mainly sex hormones, i.e., estrogen and testosterone, have also been shown to exert different effects on male and female animals, respectively (36), according to the time and dose of toxic exposure to OT. Studies have suggested that the potential toxicity of OT to mammals (humans and rodents) is endocrinopathic, as well as potentially teratogenic and toxic for reproduction (2) in both genders (16, 17, 21) . The data regarding mainly these morphofunctional changes induced in the mammalian reproductive system by some triorganotins are listed in Table 1 in order of effective dose.
Male reproductive system
Several studies addressing the effect of TBT on male reproductive functions have been reported (16, 21, (37) (38) (39) (40) (41) (42) (43) (44) . A study conducted on male rats over two generations showed that testis, epididymis, ventral prostate, and body weight decreased in all groups, but mainly in the group treated with a dietary concentration of 125 mg TBTCl per g diet (21) . No reduction was observed in the weight of the seminal vesicle in the F1 generation, whereas the effects on the F2 generation were greater compared with those observed in F1 (21) . However, some investigations have shown a significant decrease in the weight of the seminal vesicle (16, 42) and in the weights of all reproductive organs at 15 mg TBT/kg body weight (16) . Other studies have indicated that the aromatase inhibitor induces a "hyperandrogenic" status in male mammals (45, 46) . However, atrophy of the ventral prostate was evident in the rats fed the TBTCl diet, which is seemingly contrary to a "hyperandrogenic" status. Moreover, prostatic atrophy caused by aromatase inhibition has been frequently reported (47, 48) . On the other hand, estrogen is considered to be important for the normal functioning of the prostate, stimulating the expression of androgen receptor (49) , and an estrogen receptor antagonist or low serum levels of estrogen also cause atrophy of the prostate (50) .
The imposex caused by TBT in some mollusks was attributed to the inhibition of aromatization and conjugation of testosterone (7) . Disorders of testosterone aromatization have been linked to serious damage to spermatogenesis, especially spermiogenesis in mice and monkeys (45, 46) .
Based on histopathological analysis, TBT induces morphofunctional changes in the testes, including vacuolization of seminiferous epithelium, delayed spermiation, spermatid retention into the germinative epithelium and germ cell degeneration near the basement membrane. The frequencies of these impairments in male sex organs were low in the F1 generation, but greater and considered to be abnormal in the TBT-treated F2 generation, although there was a dose-dependent increase in serum testosterone levels of the rats fed TBTCl diets and a decrease in serum estrogen levels in the F1 generation (21) . An increase of detached debris and sloughed cells was observed in the tubules of the epididymis and seminal vesicles were narrowed and filled with epithelial cells (42) . The count of caudal epididymal and testicular sperm (41) and of homogenization-resistant spermatids decreased (21) , and the motility, mean angular displacement, lateral head displacement, and dance of sperm from the vas deferens were also reduced (41) .
OT compounds can cross the placental barrier and accumulate in large quantities in the placenta and fetal tissues (51) . Recent investigations have demonstrated that OT compounds can accumulate at approximately 5-fold higher levels in the dam's placenta than in her blood. TBT levels where 50% lower in pups than in the placenta. Also, TBT levels in the liver and brain tissues of pups continued to decline 6 and 12 days after birth even though TBT was transferred via milk. Probably, because of the very low levels of TBT in milk, the concentration was similar to that in the dam's blood, but five times lower than in the placenta (52) .
A large body of evidence indicates that in utero exposure to OT (37,39) induces a different response pattern in preand postnatal offspring (37, 39, 44 The table is organized by effective dose. TBT and TPT = tributyltin and triphenyltin, respectively; NS = not significant; ND = not determined; KGN cell line = human granulose-like tumor cell line. The decrease of aromatase activity in KGN cells treated with TBT (20 ng/mL for 48 h) was related to the decrease of aromatase mRNA levels. Te = testosterone; E 2 = estrogen; P 4 = progesterone (DPTCl: diphenyltin dichloride, dose: 16.5 mg/kg, in rats on days 4 and 9 of pseudopregnancy).
www.bjournal.com.br Braz J Med Biol Res 44 (9) 2011 Growth retardation, delayed ossification of the fetal skeleton and reduced body weight were also detected in male offspring. Additionally, a reduced testosterone concentration, as well as a significant delay in the age at preputial separation (53) was found after in utero exposure to TBT of rats, without direct effects on the male reproductive system (37) . Decreased serum concentrations of thyroxine and triiodothyronine (37) were also observed in another study (43) , in association with extensive damage to the thyroid gland, and low expression of thyroid hormone receptor alpha in marine fish testes. Also, exposure caused interstitial fibrosis and pyknotic nuclei. These results implied that inhibition of thyroid status induced by TBT possibly affected testicular development. Similarly, after contact with TBT, the gonadosomatic index decreased in a dose-dependent manner and the level of 17β-estradiol was decreased and resulted in a down-regulation of estrogen receptor alpha mRNA. This, in association with the increased size of lipid droplets, may contribute to Sertoli cell dysfunction, leading to disrupted spermatogenesis in fish (44) . The molecular mechanisms for the formation of these OT-induced lipid inclusions remain enigmatic. They could be due to the potent inhibition of mitochondrial oxidative phosphorylation by TBT and inhibition of fatty acid transport to the mitochondria, with its consequent accumulation in the cytoplasm (39) In the same line of investigation, in vitro analysis demonstrated that TBT enhanced the chance of the occurrence of Leydig cell apoptosis in a time-and dose-dependent manner (40) , probably mediated by increased cytoplasmic Ca 2+ concentration and mitochondrial disorders. Immature male mice receiving a single dose of TBT presented a delay in lumen formation in seminiferous tubules and increased numbers of apoptotic germ cells inside the tubules, but not in Leydig cells (40) . Reduced serum testosterone levels (16, 40, 43, 44) and down-regulated expression of P450scc (cholesterol side-chain cleavage enzyme complex), P450 (for example, 17α-hydroxylase), 3β-HSD and 17β-HSD were also observed (38) . However, in contrast, another study reported an increase of serum testosterone (21) .
Female reproductive system
The production of germ cells is essential for the continuation of the species. In the female, this function is accomplished by the ovaries. These organs secrete steroid (mainly progesterone and estradiol) and non-steroid hormones (such as relaxin) that not only modulate the secretion of anterior pituitary hormones, but also act on various targets in the organs of the female reproductive system (35) .
A large number of studies have shown that exposure to OT and/or OT-contaminated seafood can cause reproductive disruption in the female reproductive system of mammals (16, 17, 19, 21, 22, (54) (55) (56) (57) . After treatment with OT, pseudopregnant rats showed a decrease in uterine weight and serum progesterone levels, but ovarian weight, number of corpora lutea and estrogen levels remained at average levels. This was correlated with decreased pregnancy rates and numbers of embryo implantations (56) . However, Grote et al. (17) showed that TPT increased the ovarian weight of female rats on postnatal day 53, but not on postnatal day 33, suggesting morphofunctional changes.
In mammals, in utero exposure to high doses of TBT led to a decrease in maternal weight gain and fetal weight, induced pre-and post-implantation losses (37, 55, 57) , provoked fetal toxicity (58) , altered the anogenital distance of female pups on postnatal day 1 (22) , caused precocious completion of vaginal opening in postnatal females (53) , reduced by about 45% the number of germ cells, and induced morphofunctional changes in the ovaries of fetal female rats (39) . On the other hand, there were no effects of dibutyltin dichloride on developmental parameters in surviving fetuses, including fetal body weight, crown-rump length, tail length, or placental weight in cynomolgus monkeys. No external, internal, or skeletal malformations were detected in fetuses, suggesting embryolethality, but not teratogenic effects in monkeys (59, 60) .
On the other hand, in in vitro studies using human placental cells, TBT and TPT increased mRNA and the catalytic activity of aromatase and 17β-HSD I enzymes, which convert low-activity estrone to high-activity estradiol in human choriocarcinoma cells (29) in a dose-dependent fashion following exposure to nontoxic concentration ranges (2) , indicating the regulation of mRNA levels of both steroidogenic enzymes. In the human ovary, however, TBT and TPT suppressed both aromatase activity and gene expression in a granulose-like cell line (28) . Similar data showed that TPT decreased the ovarian aromatase activity on postnatal day 53 but not on postnatal day 33 in female rats (17) . Therefore, this discrepancy may be due to the tissue-specific expression of aromatase, strictly regulated in each cell type (29) .
To illustrate the influence of the distribution of triorganotin on the maternal-fetal-placental unit and its effects on the signal transduction pathways in cell metabolism for the down-regulation of reproductive function, Figure 2 provides a diagram of a possible mechanism of the endocrine-disruption effects of OT on the mammalian reproductive system. As observed, triorganotin compounds can be absorbed from the maternal circulation through the placenta, accumulating in fetal tissues and inducing morphological changes. When triorganotins cross the cell membrane they could bind to nuclear receptors (NRs), which reside in the cytoplasm (e.g., glucocorticoid receptors) or in the nucleus (e.g., sex hormone receptors). Upon ligand binding, triorganotin-NRs translocate to the nucleus where they form a complex with triorganotin-NRs and co-activators, which binds to response elements on the DNA, and induces transcription of target genes, changes in the expression of some proteins, as well as mitochondrial and cell dysfunctions.
Several studies have revealed that exposure to OT compounds alters development and the sexual param-www.bjournal.com.br Braz J Med Biol Res 44 (9) 2011 eters of the reproductive system of gastropods, with these compounds acting as endocrine disruptors and influencing steroid metabolism, mainly by inhibiting the enzymatic activity of aromatase and the development of male sexual characters. These endocrine abnormalities are known as imposex. These compounds may have toxic effects on the endocrine system of mammals, modifying embryo implantation, Sertoli and Leydig cell function, sex organ weight, sex hormones, ovarian aromatase activity in different cell lines and animal models, or changing the activity of other glands such as the thyroid. Moreover, there are other steroidogenic enzymatic pathways that can be impaired by triorganotin. The effects of triorganotins have been associated with gender-specific morphofunctional changes in mammalian reproductive organs. Despite several lines of evidence, further epidemiological, clinical and molecular studies in different human cells and experimental animals are needed to try to understand the toxic effects of OT on the endocrine system of mammals. 
